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Abstract 
The emission properties of high-speed 1.3 um InGaAsP 
light emitting diodes (LEDs) were studied with respect to 
active layer doping level and thickness. Spectral 
measurements were made at DC drive currents between 25 mA 
and 150 mA, under continuous and pulsed conditions (50% 
duty factor). Twelve LED epitaxial structures were grown 
using the hydride vapor phase technique, with thicknesses 
of 0.22 - 0.50 um, active layer doping levels of 2.1 -
7.5 x 10 18 cm-3 and with increasing current. Under 
pulsed conditions, the spectral width was observed to 
increase, and the peak and center wavelengths to decrease 
over the entire injection current range. The spectral 
broadening occurred almost entirely on the short 
wavelength side of the spectra, and was attributed to 
band filling. Under nonpulsed conditions, the spectral 
broadening occurred at a faster rate as the current was 
increased. The peak and center wavelengths initially 
decreased then increased. The spectral broadening was 
seen to occur on both the short and long wavelength sides 
of the spectra and was attributed to band filling and 
band-gap narrowing effects. The active layer doping 
level was seen to impact the spectral width only at the 
lowest current level tested.· The spectral broadening 
occurred on the long wavelength side with increasing 
doping level due to band tail formation, but the 
broadening on the short wavelength side due to band 
filling was reduced by higher doping. The spectral width 
was observed to decrease with increasing active layer 
thickness, with the thickness having greater influence at 
higher injection rates. 
1 
1. Introduction 
Over the past several years, there has been increasing 
activities in the development and installation of optical 
fiber communi_cation systems. The optical fiber systems 
offer significant advantages over conventional copper 
wire systems. These advantages include: small size, 
light weight, electrical isolation, immunity to 
interference and cross talk, signal security, low 
transmission loss and most importantly, enormous 
potential bandwidth. 
Optical fiber communication systems use semiconductor 
laser diodes or light emitting diodes (LEDs) as light 
sources. The choice of the light emitter is based on the 
requirement for transmission capacity, distance and cost. 
Laser sources offer the advantages of higher output power 
and modulation bandwidth for long distance and high bit-
rate applications. LEDs have better temperature 
sensitivity, reliability and lower cost. LEDs are 
therefore preferred whenever _both lasers and LEDs have 
adequate performance for the application. 
Until recently, it was not .considered technologically nor 
economically feasible to install optical fiber systems in 
low bit-rate, short distance applications. With the 
2 
availability of low cost optical fibers, and the 
increased demand for digital transmission of voice, data 
and video, to and from the home, the future growth of 
lightwave communications is expected to be greatest at 
the local area network and subscriber loop levels. 
These systems operate at data rates up to approximately 
200 Mbits/sec, transmitting on multimode fibers up to 3 
km long. The light sources for these systems must be 
reliable over a wide temperature range, and must be of 
low cost in order to compete with copper wire systems . 
• 
LEDs are attractive light sources for these local area 
networks and subscriber loop applications. The important 
figures of merit are output power, modulation bandwidth, 
wavelength, reliability and spectral width. The output 
power and modulation bandwidth are dependent on key 
device design parameters such as injection current 
density, active layer thickness and active layer doping 
level [1]. The output power is the primary factor in 
determining the maximum repeater distances and the 
modulation bandwidth is the primary factor in determining 
the maximum data rate. The two parameters are related 
and can be traded for each other through variation of the 
active layer thickness and doping level. Higher doping 
levels and thinner active layers favor higher modulation 
3 
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bandwidth at the expense of power, while lower doping 
levels and thicker active layers favor higher output 
power at the expense of bandwidth [2]. Increasing the 
injection current has been shown to favor both power and 
bandwidth, but at the expense of reliability and spectral 
width [1,2,3]. 
Spectral width is a measure of the frequency distribution 
of the light emitted by the LED. This parameter needs to 
be considered because different frequencies travel at 
slightly different velocities in the optical fiber. The 
greater the spectral width, the more a lighf pulse 
spreads as it travels down the fiber. This spreading 
limits both the distance a pulse can be sent and the rate 
at which pulses can be repeated. It has been confirmed 
for surface emitting LEDs operating at 1.3 um, that the 
bandwidth-distance product is inversely proportional to 
the square of the spectral width [4]. 
The spectral width of LEDs has been shown to increase 
with increasing active layer doping and injection current 
density, and to decrease with increasing active layer 
thickness [5,6,7,8]. 
The purpose of this study is to quantitatively examine 
the competing effects of active layer thickness and 
4 
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doping as a function of injection current density, on the 
spectral width of our optimized LED structures. The 
understanding obtained here can be generalized and can be 
used as a basis for further optimization to trade off 
spectral width with output power and modulation 
bandwidth. A series of LED structures with different 
active layer thicknesses and dopings were grown using the 
vapor phase epitaxy (VPE) technique, fabricated into LEDs 
and tested for spectral width. The spectral width was 
tested under different levels of both continuous and 
. 
pulsed currents at room temperature. Correlations with 
active layer doping and thickness were then made. 
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' 2. The InGaAsP Alloy System 
The rn1_xGaxAsyPl-y alloy system is used for the active 
layers of all optical semiconductor devices emitting in 
the 1.3 um to 1.6 um wavelength range. By using the 
quaternary alloy, the lattice constant and band-gap 
energy can be independently adjusted by varying the 
composition. A phase diagram showing the 
interrelationship of lattice constant, band-gap energy 
and emission wavelength for the 
and other III-V compound semiconductors is shown in 
Figure 1 (15]. In this diagram, binary compounds are 
represented by points, ternary compounds are represented 
by lines and a quaternary alloy is represented by the 
area bounded by the associated ternary lines. From the 
diagram, it can be seen that In1_xGa0syPl-y can be grown 
lattice-matched to two commercially available substrates, 
InP and GaAs. The optical fibers have minimum absorption 
at the wavelengths of 1.30 um and 1.55 um. To emit at 
these wavelengths and be lattice-matched, an InP 
substrate must be used. 
The vertical line drawn in Figure 1 corresponds to the 
lattice constant of InP (5.8696 A). The line traverses 
the In1 _xGaxAsyPl-y alloy from where x = O and y = o 
(InP), to where x = 0.47 and y = 1.0 (In. 47Ga. 53As). The 
6 
quaternary alloy will be grown lattice-matched for all 
compositions in which y/x = 2.1, with O ~ x ~ 0.47 (16]. 
Lattice mismatch is defined as: 
where a 1 and a 2 are the lattice constants of InP (5.8696 
A) and In1_xGaxAsyPl-y' respectively. If lattice 
mismatch exceeds approximately 0.1%, misfit dislocations 
will be formed at the interface. The misfit dislocations 
will act as nonradiative recombination sites and will 
adversely effect the reliability of the device (17]. 
The band gap of rn1_xGaxAsyPl-y can be determined if 
either x or y is known using [18]: 
Eg(ev) = 1.35 - o.72y + o.12y2 ( 2) 
and the wavelength can be calculated from the band gap 
• energy using: 
~(um)= 1.2398/Eg(ev) ( 3) 
The band-gap is assumed to decrease with increasing 
temperature at the same rate as GaAs: 6Eg = 0.325 meV/k 
(19], and to decrease with increasing doping level as 
,[20]: 
(4) 
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3. • LED Design 
For InGaAsP LEDs emitting in the 1.1 um to 1.55 um 
wavelength range, the structure usually contains two 
heterojunctions with an InGaAsP active layer sandwiched 
between two InP layers. A p-n junction is located at one 
of the heterojunctions, such that when a forward bias is 
applied, electrons and holes are injected into the active 
layer from the surrounding InP layers. Once injected 
into the active layer, the carriers are confined there 
due to a potential well created by the two higher band-
qap InP layers surrounding the active layer. 
The injected carriers can either recombine radiatively or 
nonradiatively. In the case of radiative recombination, 
a phpton, of energy approximately that of the band-gap, 
will be emitted. For nonradiative recombination, the 
energy is dissipated in the semiconductor crystal in the 
form of heat. The optical power emitted by an LED can be 
directly modulated through modulation of the injection 
current. 
The epitaxial structure grown for the LEDs of this study 
' I 
is shown schematically in Fiwure 2. The epitaxial 
/ 
//v .. 
structure was grown on/, (100) oriented n-type InP 
substrates containing 3 x 1018 cm-3 of Sn. The 
8 
dislocation density of the substrates was determined from 
the etch pits to be approximately 3 x 104 cm-2 . The 
first epitaxial layer is an n-type InP buffer layer 2-3 
um thick and doped with 5 x 1018 cm-3 of s. Following 
the buffer layer is the p-type In. 70Ga. 30As. 64 P. 36 active 
layer, thus forming a p-n junction at the buffer-active 
interface. For this study, the active layers were doped 
with from 2.0 x 1018 cm-3 to 7.5 x 1018 cm - 3 of Zn, and 
the thicknesses were varied from 0.22 um to 0.50 um. The 
third layer grown is a p-type InP cladding layer with a 
doping level of 1.5 x 10 18 cm-3 and a thickness of 1.2 
um to 2.2 um. The final layer is a highly doped p-type 
In. 85Ga. 15As. 38P. 62 cap layer. The thickness of the cap 
layer was in the range of 0.4 um to 0.8 um and the doping 
level was approximately 5 x 1018 cm-3 . 
The active layer composition was chosen to have a 0.932 
eV band-gap and electroluminescence emission from 1.30 um 
to 1.35 um. The composition of the cap layer was chosen 
to have a 1.12 eV band-gap and electroluminescence 
emission of approximately 1.1 um. The band-gap of the 
cap layer was sufficiently small to ease ohmic contact 
formation, yet sufficiently large to minimize absorbtion 
of the light emitted by the active layer. The cap layer 
t ' 
thickness was kept small to provide for light reflection 
at the p-cladding-cap interface. The active and cap 
9 
layers were lattice matched to InP within+/- 0.1% to 
prevent the formation of misfit dislocations at the 
interfaces (17]. The cladding layer was sufficiently 
thick to confine the injected electrons to the active 
layer. The doping of the buffer layer was kept 
approximately equal to that of the active layer to 
minimize displacement by diffusion of the p-n junction . 
. ; 
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4. Epitaxial Growth 
The majority of the commercially available InGaAsP LEDs 
are grown by liquid phase epitaxy (LPE). However, the 
LEDs in this study were grown using hydride vapor phase 
epitaxy (VPE). VPE processes are finding greater use in 
the growth of InGaAsP materials because they offer 
advantages of increased throughput and larger wafer 
processing, as compared to the existing LPE technology. 
The hydride VPE process usually takes place in a hydrogen 
ambient under atmospheric pressure. For the growth of 
InGaAsP, the group III In and Ga species are transported 
by passing HCl gas over hot elemental In and Ga to form 
metal chlorides. The group V As and P species are 
generated by pyrolysis of AsH3 and PH3 . 
In this study, HCl concentrations of 5% and 1.5% in H2 
I 
were used to generate the Incl and Gael, respectively. 
The AsH3 and PH3 gases used were both at a concentration 
of 5%, with the balance being H2. 
The VPE reactor uses a single barrel design as shown 
schematically in Figure 3. The reactor tube is made 
entirely of synthetic quartz and housed in a clamshell 
type resistance heated furnace capable of mai·ntaining a 
11 
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temperature profile as shown in Figure 3. The reactor 
tube is designed to have four separate regions. The 
first region is called the source region which contains 
the source metals and a W catalyst over which the hydride 
gases are passed. This region is maintained at a 
constant 750 C temperature. Due to the elevated 
temperature and the relatively slow velocity of HCl over 
the sources, the conversion to metal chlorides is assumed 
to be 100 %. The W catalyst promotes complete pyrolysis 
of the hydride gases. Incomplete pyrolysis is to be 
avoided since it can result in hillock formation during 
growth (22]. 
After passing the source region, the gases enter the 
,,. 
mixing region. Due to the tendency for the gases to 
react as they are mixed, the temperature of this region 
is elevated further to approximately 770 C. Reactions 
occurring at this point would have resulted in formation 
' 
J 
of deposits on the reactor walls. After mixing, the 
gases proceed to the growth region, where the temperature 
is lowered to approximately 700 C to promote growth 
,. 
' l' 
reactions. Immediately adjacent and down stream of the 
growth region is the preheat region. The preheat region 
is kept at approximately the same temperature as the 
growth region. Through carefully selected flow rates, 
and a stategically located exhaust outlet, the preheat 
12 
counterflows are isolated from the growth flow. This 
isolation is extremely important in the reactor design as 
will be discussed later. 
Because P readily dissociates from the InP substrate at 
temperatures above 350 C, it is necessary to maintain a P 
overpressure in the preheat region. By introducing PH 3 
into the counterflow, the InP surface can be preserved 
during heating before growth commences The reactor is 
also capable of injecting AsH 3 through the counterflow 
when it is necessary to preserve an As-containing 
surface. 
P-type doping is accomplished with an elemental Zn 
source. Through the use of a push rod with a dynamic 
sealing, the temperature of Zn can be controlled by 
moving it in and out of the hot region at the source end 
of the furnace. The Zn vapor is then transported to the 
mixing region of the reactor with H2. By locating a 
thermocouple directly under the Zn, doping level can be 
precisely controlled. Then-type dopant is s, obtain~d 
from 500 ppm H2S in H2. Through a properly sized mass 
flow controller, then-type doping level is also well 
controlled. 
13 
The reactor is capable of growing on two 2" round 
substrates per run. The substrates are held almost 
'1 
vertically on a "snow plow" type holder as illustrated in 
Figure 3. The substrates are introduced through a load 
chamber that is isolated from the reactor tube by a gate 
valve. This allows for substrate loading and uhloading 
without having to cool or purge the reactor tube. The 
substrates are moved around by a magnetically coupled 
pushrod. Directly in front of the substrate holder is a 
mixing blade that is rotated at 500 rpm during growth to 
I I 
assure proper gas m1x1ng. 
All of the gas flows are controlled using electronic 
mass-flow controllers and pneumatically controlled 
valves, with the entire process automated through 
computer control. 
The growth cycle begins by first moving the InP 
' 
substrates from the load chamber into the preheat region .. 
They remain in the preheat region until reaching a 
temperature of approximately 700 C and are preserved by 
PH3 in the counterflow. One minute before growth, the 
InP buffer layer flows are introduced into the reactor 
without affecting the substrates in the preheat region. 
After allowing for flow stabilization, the substrates are 
14 
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moved to the growth position and the PH3 counterflow 
turned off. 
The PH3 counterflow is reestablished one minute before 
the end of the buffer layer growth. At the completion of 
the buffer layer growth, the substrates are moved back to 
the preheat region and the InGaAsP active layer flows are 
introduced into the reactor. After one minute for the 
flows to stabilize the substrates are again moved to the 
growth region for active layer deposition. 
This process of moving the substrates back and forth 
between the preheat and growth regions is repeated for 
the cladding and cap layers. At the completion of the 
cap layer growth, the substrates are moved to a "cool 
down" region. This region is similar to the preheat 
region in that overpressures of P and As can be 
maintained, but it is located at the very end of the 
furnace where the temperature is much cooler. The 
substrates remain at this position until they reach a 
temperature below 350 c, after which they are moved back 
to the load chamber for unloading. Prior to the start of 
another growth run, the reactor is placed in a cleaning 
cycle, .in which HCl vapor is used to remove any wall 
deposits that may have occurred during the growth run. 
15 
5. LED Fabrication 
In this study, the light is emitted through the substrate 
side of the LED. To reduce absorption and scattering, 
the substrates were thinned from approximately 330 um to 
100 um by chemical-mechanical polishing using bromine-
methanol. 
The p-contact and n-contact metallizations followed. The 
contacts were deposited using electron gun evaporation 
through shadow masks. The p-contact diameter is 
approximately 30 um and its thickness 800 A. The metal 
source is a Au alloy mixed with 1 wt-percent Be. Then-
contact consists of 2,000 A of Au, followed by 500 A of 
Sn, 2,000 A of Cr, and 10,000 A of Au. The Cr layer is 
added as a diffusion barrier. The relatively large area 
of then-contact (Figure 4) is advantageous in reducing 
the contact resistance. 
Following evaporation, the contacts were alloyed by 
ramping the temperature to 420 Cover approximately five 
minutes, maintaining the temperature for a minute, and 
then removing the wafer from the furnace. The entire 
alloying process occurred in a forming gas ambient 
consisting of 7% H2 in N2 •. 
' 
To improve the coupling efficiency of light emission into 
the fiber, the LEDs were fabricated with an integral lens 
that is made out of the InP substrate. Light-induced 
etching was used to shape the InP as shown in Figure 4. 
The lens is approximately 80 um in diameter and 9 um 
high. 
Because of a large refractive index of InP, the surface 
of the lens tends to reflect the emitted light back into 
the semiconductor. To reduce this effect, a 1,775 A 
thick silicon nitride layer was plasma-deposited over the 
lens as an antireflection coating. 
Approximately 1,000 A of sio2 was then plasma deposited 
over the entire p-side. An opening about half the 
diameter of the p-contact was created above the p-contact 
using photolithography. The entire p-surface was then 
covered by sputtering 1,000 A of Ti foll.owed by 1, ooo A 
of Pt. Ti is deposited first to promote adhesion to 
Si02. Pt is deposited over Ti to prevent it from 
oxidation. 
Photolithography was then used on the p-side to define 
"saw streets" in the <100> directions. The streets 
1 delineate 356 um x 356 um squares around each of the p-
J 
contacts. A 12.5 um layer of Au was electroplated over 
17 
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the p-side as a heatsink. The wafer was mounted and 
sawed to form individual LEDs. An artist's conception of 
the LED following fabrication is shown in Figure 4. 
18 
6. Experimental Results 
Twelve LED epitaxial structures were grown with the The 
doping level data was obtained using the Polaron c-v 
Profiler.measured active doping and thickness given in 
Table I. The doping level data was obtained using an 
electro-chemical c-v Profiler. The layer thickness 
measurements were obtained from scanning electron 
microscope (SEM) photographs of cleaved cross-sections 
• pieces. 
Double crystal x-ray diffraction was used to ensure that 
lattice mismatch between the two quaternary layers and 
InP was less than +/-0.06% as shown in Table II. 
Room temperature photoluminescence was obtained from each 
wafer to determine the approximate band-gap energy of the 
active layer (Table II). 
Following fabrication, twenty randomly selected LEDs from 
each wafer were bonded onto headers for spectral emission 
testing. Pulsed and nonpulsed drive currents levels of 
50, 100, 150 and 250 mA. The devices were aligned to a 
nominally 62.5 um core graded-index (NA= 0.29) fiber. 
The spectral emission of the LED was measured using an 
ANDO - TYPE AQ-1425 optical spectrum analyzer. Three 
bonded ·aevices from eight of the twelve wafers were 
19 
randomly chosen for the nonpulsed spectral measurements. 
The average spectral widths obtained from the three 
devices are given in Table III. The average central 
wavelength values are given in Table IV and the average 
peak wavelengths are listed in Table V. The average 
half-max crossings are shown in Table VI. 
For the pulsed DC measurements, an HP 8112 pulse 
generator was used to provide 500 ns pulses with a 50% 
duty cycle. The pulsed de measurements were made on two 
diodes from each of the twelve wafers, at current levels 
of 25, 50, 75, 100, 125 and 150 mA. The average spectral 
widths are listed in Table VII. The central and peak 
wavelengths are given in Table VIII and Table IX, 
respectively. The average half-max crossing values are 
shown in Table X. 
\ 
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7. Analysis and Discussion 
7.1 Electron-Hole Recombination Theory 
In LEDs, a forward bias is used to inject minority 
carriers into the active region. The injected carriers 
recombine within the active layer and emit photons of 
energy approximately that of the band-gap of the active· 
material. This process is referred to as injection 
electroluminescence. 
There are several transition mechanisms in which an 
electron in the conduction band can recombine with a hole 
in the valence band, these are shown schematically in 
Figure 5 (25]. Interband transitions can occur from the 
minimum of the conduction band to the maximum of the 
valence band, or can be higher energy transitions 
involving states either higher into the conduction band 
or lower into the valence·band. so occur via impurity 
levels within the band-gap. 
Any or all of the transition mechanisms can occur in an 
LED under forward bias conditions, and not all of them 
are radiative. For the LEDs in this study, the 
conduction band to acceptor level would be expected to be 
an important recombination mechanism due to the high p-
doping level of the active layer. 
21 
The carrier distributions in the conduction and valence 
bands between which the radiative transitions occur are 
given by the product of the band density of states and 
the Fermi-Dirac distribution function (26]. 
Assuming a parabolic band model, the conduction band 
density of states is given by: 
Pc(E)=(2) =41r c £112 4TTk 
2 dk (2m )312 
(2rr)3 dE h 2 
where k is the Boltzman constant, E = h
2k2/2mc 
(5) 
(parabolic) and me is the density-of-state conduction 
band effective mass (27]. The valence band density of 
states is given by substituting the valence band density-
of-state effective mass into the same equation. 
The Fermi-Dirac distribution functions determine the 
occupations probabilities with respect to energy level of 
electrons in the conduction band and holes in the valence 
band. The occupation probability of electrons in the 
conduction band is: 
1 
Jc (Ee)== -ex-p-[(-£,---E-rc-)l_k_s_T_] +-1 
where Efc is the quasi-Fermi level for the conduction 
band. The valence band hole occupation probability is 
given by a similar expressi9n as: 
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·,· . 
I h(Er)=-------~~~~-
exp[(£i. - E cv)I kn T] + 1 (7) 
where Efv is the quasi-fermi level for the valence band 
(27]. From these expressions it can be seen that as 
temperature is increased, the carrier distributions 
spread, which will result in increased spectral width of 
the LED emission. It can also be seen that as the 
respective conduction band and valence band quasi-fermi 
levels increase, the carrier distributions will also 
spread, resulting in high energy spectral emission of 
LEDs. 
The quasi-fermi levels can be obtained from the effective 
masses of the conduction and valence bands and from the 
density of states in each band. The conduction band 
quasi-fermi level is found from: 
n=f Pc(E)dE 
1 + exp[(E - E1c )!kB 1 .. ] (8) 
where n is the number of electrons in the conduction 
band. The quasi-fermi level for the valence band would 
be found from the same equation using the appropriate 
valence band parameters [27). 
If the material is assumed to be nondegenerate, an 
assumption which probably does not apply in the LEDs of 
this study, the quasi-fermi level can be written as: 
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Ere== ks Tin (-k) (9) 
where Nc = 2(2 mckT/h2 ) 3/ 2 is the effective conduction 
band density of states [27]. Although this is a rough 
approximation for the LEDs in this study, due to the 
nondegenerate assumption, it can be seen that the quasi-
fermi level increases with increasing number of electrons 
in the conduction band. The quasi-fermi level of the 
valence band would move deeper into the valence band as 
the number of holes is increased. The quasi-ferrni levels 
for the valence and conduction bands will therefore 
increase with increasing current as electrons and holes 
are injected into the active layer. The spectral width 
of an LED can therefore be expected to increase with 
increasing injection current. The broadening would occur 
on the high energy side of the spectra as states deeper 
into the bands participate in the recombination process. 
The active layer doping levels in the LEDs for this study 
are very high (>2 x 1018 cm-3). The large concentration 
of charged impurities produce potential fluctuations 
which create a continuum of states near the band edge, 
the so-called band-tail states. Figure 6 shows these 
tails schematically. Above the band-tail states, the 
density of states is again parabolic (27,28]. The band-
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tail states cause broadening of the spectral emission on 
the low energy side, as they protrude into the band and 
effectively reduce the band-gap energy. Experimental 
results have shown that the spectral emission will 
broaden and the spectral peak will shift to longer 
wavelengths as the doping level is increased [7,29]. The 
LED active layers in this study should exhibit valence 
band tails, since the layer is highly p-doped. The 
material is not believed to be so highly compensated to 
also have conduction band tails. 
The time an injected carrier spends in the conduction 
band before recombining with a hole in the valence band 
in an important parameter to be considered in the LED 
design. This carrier lifetime is known to depend on the 
active layer properties of doping level, thickness, 
crystalline quality and composition of the active layer 
[ 2] • It is also known to depend on the injection current 
' 
density and the temperature of the active layer (27,30]. 
As was previously discussed, the recombination mechanisms 
can be either radiative or nonradiative. Considering 
only radiative recombination, the carrier lifetime.nas 
been found to vary with injection current density as: 
( 10) 
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where p0 and n0 are the electron and hole concentrations 
before injection, dis the active layer thickness, e is 
the electron charge and Br is the radiative recombination 
coefficient (31]. The radiative recombination 
coefficient varies with doping level, temperature and 
composition. For InGaAsP with an emission wavelength of 
1.3 um, a doping level of 1 x 10 18 cm~ 3 and at a 
temperature of 300K, Br has been found to be 
approximately 2 x 10-10 cm3/s [32]. As doping level or 
temperature is increased, Br will decrease as the percent 
radiative recombination will be decreased. 
Considering a p-type active layer with low injection 
current. From equation 10 with J = o, the carrier 
lifetime is independent of current density and is 
inversely proportional to the active layer doping level : 
(11) 
At higher injection levels, the injected carriers would 
dominate the recombination process, and the carrier 
lifetime .is independent of active layer doping level 
[33]. From equation 10 with J = ~= 
T = (ed/B?)l/2 (12) 
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The carrier lifetime would therefore be highly dependent 
on the active layer thickness. 
Considering both radiative and nonradiative 
recombinations, the total recombination rate is given by: 
(13) 
where n is the carrier density, Anr is a coefficient to 
account for nonradiative recombination at surface states 
and defects, Bis the radiative recombination 
coefficient, as previously discussed, and C is a 
coefficient to account for nonradiative Auger 
recombination [27]. 
Auger recombination is considered to be the dominate 
nonradiative recombination mechanism in InGaAsP lasers 
and LEDs. The process involves four particle states, 
such as three electrons and on hole, two electrons and 
two holes, and so forth. During Auger recombination, the 
energy lost when an electron and hole recombine is given 
up to another electron or hole which gets excited to a 
higher than equilibrium energy level. When the excited 
particle returns to equilibrium, the energy is 
transferred to the lattice in the form of heat. The 
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Auger recombination lifetime is decreased as temperature 
is increased and as carrier density is increased. A plot 
of carrier lifetime vs carrier density, which shows the 
relative importance of Auger recombination with respect 
to radiative recombination, is shown in Figure 7 (32). 
The Auger coefficient has been determined to be in the 
range of 1-8 x 10-29 cm6/s in several studies (34,35,36]. 
The nonradiative recombination occurring at surface 
states and defects (Anr> is normally not considered 
because Auger recombination is by far the dominating 
nonradiative mechanism [27]. 
The injected current I is related to the carrier density 
n by: 
I= qVR(n) (14) 
where Vis the active volume (27]. The total 
recombination rate is therefore decreased by increased 
active volume. On the other hand, small active volumes 
lead to inc;,reased carrier density and therefore an 
increase in the amount of nonradiative recombination due 
to the Auger mechanism. 
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7.2 Observed Effect of Injection Current on Spectral 
Emission 
7.2.1 Effect on Spectral Width 
Figure 8 shows the dependence of the spectral width on 
drive current under both pulsed and nonpulsed conditions. 
The average of the measured values taken from the twelve 
wafer lots are shown in the figure. Under pulsed 
conditions, the spectral width increased with increasing 
current, with a rate of increase from 0.48 ~m/mA slowing 
down to 0.28 nm/mA. 
Under nonpulsed conditions, the spectral width increased 
at a faster rate, but the rate of increase was relatively 
constant. 
To examine the different mechanisms which cause the 
spectral width to increase, the average half-max values 
of the spectral emission curves under pulsed and 
nonpulsed conditions are plotted in Figure 9. From this 
figure, it can be seen that, under pulsed conditions, the 
change in the spectral width occurs almost entirely on 
the short-wavelength side of the spectrum. Under 
nonpulsed conditions, the spectral broadening occurred 
almost equally on both the short and long waveleng.th 
sides of the spectrum. 
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The spectral broadening under pulsed conditions appears 
to be caused by band filling [30,37,38]. As the 
injection current is increased, the carrier density in 
the active layer is increased, and the conduction band 
quasi-fermi level moves higher above the conduction band 
minimum. This allows for electron-hole recombination 
over an increased energy range, resulting in the spectral 
emission broadening towards the short wavelength side. 
Considering only radiative recombination and assuming the 
recombination coefficient is independent of the carrier 
concentration, from equations (13) and (14), 
(15) 
Substituting it in equation (9), 
(16) 
where I
0 
is any reference injection current level. From 
equation (3), 
6~(um) = -1.2398 6E/Eg (17) 
, 
! 
30 
Therefore, when the injection current is increased 
sixfold from 25 mA to 150 mA, we expect the carrier 
density to increase by a factor of 2.5, the Fermi energy 
to shift up by 23 meV, and the short wavelength side of 
the spectra to shift lower by 31 run. The expected 
wavelength shifts for the remaining injection current 
levels were also calculated and are plotted in Figure 9. 
Although calculated assuming radiative recombination only 
and constant temperature with increasing injection 
current, the values are in reasonably good agreement with 
the experimental results. 
The difference in spectral broadening under pulsed and 
nonpulsed conditions is mainly due to the temperature 
effect. As can be seen from Figure 8, the pulsed and 
nonpulsed spectral widths are approximately the same 
below 100 mA, but the nonpulsed spectral width is 
increasingly larger above 100 mA. Figure 9 further shows 
that the long wavelength side of the spectral emission 
increases with increasing injection rate under pulsed and 
nonpulsed conditions, but that under the nonpulsed 
conditions the broadening is greater. This is explained 
by the band-gap. narrowing effect as the temperature of 
the InGaAsP is increased higher under nonpulsed drive 
currents. The band-gap of InGaAsP is believed to 
decrease at a rate of 0.325 meV/k as discussed in section 
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2. The difference between pulsed and non-pulsed half-
maximum crossings on the long wav~length side is 16 nm at 
150 m.A. This corresponds to a 37 C difference in 
temperature. Due to the 50% duty cycle of the pulsed 
current, it can be assumed that the LEDs were heated half 
as much under the pulsed conditions as compared to the 
nonpulsed. The long wavelength half-max values for 
constant temperature with respect to injection current 
can therefore be calculated and are shown in Figure 9. 
The LED active layer temperatures at the different pulsed 
and nonpulsed current levels can also be calculated from 
this data. Assuming a room temperature of 25 c, the 
active layer temperatures at 150 mA pulsed and nonpulsed 
currents were 62 C and 99 C, respectively. These 
temperatures are typical for LEDs of this type under 
these conditions (3]. 
7.2.2 Effect on Center and Peak Wavelengths 
The dependence of center and peak wavelength on pulsed DC 
drive current is, shown in Figure 10. The points plotted 
are again the average measurements fo~ all of the devices 
' 
tested. The center wavelength poi1nts are the midpoint of 
the two half-max values that were shown in Figure 9. The 
center wavelength decreases with increasing current as 
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the spectral emission broadens toward the short 
wavelength side. 
The behavior of the peak wavelength as the drive current 
is increased is quite interesting. At current levels 
below 100 mA, the average peak wavelength coincides with 
the average center wavelength. Above 100 mA, the peak 
wavelength is increasingly shorter than the center 
wavelength. 
This behavior of the peak wavelength can be better 
observed as shown in Figure 11. The spectral emissions 
for wafer 178 at the various pulsed current levels are 
shown on the same plot for direct comparison. It can be 
seen that as the current is increased, a secbnd peak of 
shorter wavelength is created. The separation of the 
peaks is 45 nm or 36 mev. The double peaks did no occur 
in all of the devices tested, although it was fairly I 
\ 
common. The peak wavelength shifted to shorter 
wavelengths in all devices. The average shift for all of 
the devices tested was 30 nm, or 23 mev, when the drive 
current increased from 25 mA to 150 m.A. 
The double peaks seen in the emission spectra of many of 
these LEDs would normally be attributed to typical band-
to-band and band-to-acceptor transitions. Due to the 
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high p-doping in the active layers of these LEDs, band 
tails, as opposed to distinct acceptor levels, would 
exist at the valence band edge. As the LEDs in this 
study were doped to as high as 8 x 10
18 cm- 3 , from 
equation (4), this level would correspond to a band-gap 
narrowing of 32 mev. Both the 36 mev derived from wafer 
178 and the average shift of 23 meV for all of the LEDs 
are therefore in reasonable agreement with what would be 
predicted from such a high doping level. Thus, as shown 
in Figure 11, initially the emission is dominated by 
band-to-band tail transitions at low current levels. 
With increasing current, the band tails are filled and 
the band-to-band transition becomes more important due to 
its higher density of states. As shown in Figure 6, the 
density of states for the band tails does not show the 
simple parabolic behavior. Therefore, although 
reasonable agreement in energy shift was found, it is 
difficult to predict when one mechanism will become the t I 
dominate one without knowing the detailed shape of the 
band tails. 
rhe peak and center wavelengths under nonpulsed 
conditions are shown in Figure 12. The peak wavelength 
was longer than the center wavelength at all current 
levels. Both the center wavelength and peak wavelength 
first decreased then increased with increasing current. 
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The initial decreased in the center and peak wavelengths 
is due to band filling. The later and greater increase 
in the wavelengths is due to the band narrowing effect 
upon heating. The peak wavelength shifted 24 nm between 
25 mA and 250 mA, which corresponds to a temperature 
increase of 60 c. 
7.3 Effect of Active Layer Doping Level on Spectral 
• • Emission 
The relationship between active layer doping level and 
the spectral width of LEDs has been extensively studied 
[2,5,6,7,] In general, the spectral width increases with 
increasing doping level as shown in figure 13 (6]. The 
emission intensity decreases while the peak wavelength 
increases as the doping level is increased. The increase 
in the peak wavelength is due to the formation of band-
• 
I 
tails. The lower density of states in the band tails 
causes a rapid band filling effect upon carrier 
injection, resulting in decreased emission efficiency and 
increased spectral width. 
One the other hand, as the active layer doping levels 
increased, the lifetime of the injected carriers 
decreases, resulting in less band filling. This reduced 
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band filling effect will tend to counter the band tail 
formation effect in spectral width broadening. 
In most cases, we found no correlation between spectral 
width and doping level under pulsed conditions, except 
that a weak correlation (r = 0.35) existed at 25 mA as 
shown in Figure 14. Under such low drive currents, the 
spectral width increases with increasing doping, which 
qualitatively agrees with previous studies. At higher 
currents, the band-to-band transition is clearly present 
which tends to mask the effect of the band tails, as is 
the case of Figure 11. 
To determine if the amount of band filling was effected 
by the doping level, the shift in the low wavelength 
half-max value in going from 25 mA to 50 mA was plotted 
against doping level (Fig. 15). The spectral shift is 
observed to decrease with increasing doping level, which 
' 
would indicate that the increased doping level does 
reduce the band filling effect. The correlation in this 
case is stronger, with a correlation coefficient of 0.53. 
It appears that the impact of doping level on spectral 
width is a complex process involving both band tailing 
and band filling. Quantitatively, we found that this 
increase in spectral width is about an order of magnitude 
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smaller than what is shown in Figure 13. Under our 
relatively high drive current levels, ~ost of the band 
tailing effect was compensated by the band filling 
effect. Furthermore, at high injection rates, the 
carrier lifetime is independent of doping level. The 
combined results of the above effects is negligible 
dependence of spectral width on doping level at the 
injection rates at which LEDs are operated. 
7.4 Effect of Active Layer Thickness on Spectral Width 
Although less extensively studied than doping level, the 
active layer thickness is known to affect LED spectral 
width (2]. The spectral width was found to increase with 
decreasing layer thickness. The increase was attributed 
to band filling, as the injected carrier density is 
effectively increased by decreasing the active thickness. 
The injected carrier rate is a function of the drive 
current. The injected carrier density is a function of 
the active volume. In the LEDs of this study, the p-
contact was at most 2.5 um from the active layer. Given 
such a small distance, the active volume can be 
approximated from the p-contact diameter and the active 
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thickness. The calculated active volumes for the LEDs 
have been given in Table I. 
The LED spectral width can be correlated to active volume 
at each of the pulsed current levels. Figure 16 shows 
each of these correlations. The correlation is stronger 
at higher currents, with the correlation coefficient 
increasing from 0.36 at 25 mA to 0.67 at 150 mA. This is 
expected because the carrier lifetime is independent of 
active thickness at low injection levels and becomes more 
highly dependent on thickness as the injection current is 
increased. 
To separate the effects of the p-contact diameter and 
active thickness on the spectral width, a multiple 
regression was performed with the spectral data obtained 
at 150 mA pulsed current 
c. Both the p-contact and layer thickness were 
determined to be significant in predicting the spectral 
width. The p-contact diameter was found to be the a more 
significant parameter, as would be expected from its 
greater influence on the active volume. The regression 
analysis yielded the following equation to model the 
relationship between the p-contact, active thickness and 
spectral width at 150 mA: 
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FWHM = 222 - 1.32(0) - 54.3d (18) 
where the FWHM is given in run and the p-contact diameter, 
D, and active layer thickness, d, • • are given 1n um. The 
observed and predicted values are given in Table XI and 
are plotted in Figure 17. 
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a. Conclusion 
The LED spectral width increases w~th increasing 
injection current. If the temperature can be kept 
constant as the injection rate is increased, the spectral 
broadening will occur entirely on the short wavelength 
side of the spectra due to band filling. If the LED 
temperature increases with increasing injection current, 
additional broadening will occur on the long wavelength 
side due to band-gap narrowing. 
Under constant temperature, the peak and center 
wavelengths are approximately equal and they decrease 
with increasing_current. However, at a sufficiently high 
current level, the peak wavelength abruptly shifts 
towards shorter wavelengths. This can be explained by 
the dominate recombination mechanism changing from band-
to-band tail at low injection levels, to band-to-band at 
higher injection levels. 
At the lowest injection current, the spectral width of an 
LED increases with increasing doping level due to band 
tail formation. At higher current levels, the injected 
carrier density overwhelms the original doping level, and 
' 
the spectral broadening becomes independent of the active 
layer doping level. 
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The spectral width decreases with increasing active layer 
thickness. This is a result of reduced carrier density 
as the active volume is increased. The p-contact diameter 
can also be used to adjust the active volume, and was 
shown to have a greater impact than the active layer 
thickness. The effect of active volume increases with 
increasing injection rate as the effect of doping level 
is reduced. 
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DEVICE PARAMETERS 
ACTIVE ACTIVE P-CONTACT ESTIMATED 
WAFER THICKNESS DOPING DIAMETER ACTIVE VOLUME 
# ( una) E18/cn.3 (urn) E-10 cn.3 
133 0.41 2.4 33. 7 3.66 
134 0.50 4.6 32. 7 4. 1 9 
1 35 0.35 2.8 33.2 3.03 
137 0.40 3.8 31.6 3.13 
152 0.31 2.2 29.5 2.1 1 
1 53 0.26 2.5 29.0 1.72 
1 55 0.43 2.1 29.8 3.01 
174 0.45 5.1 27.1 2.60 
175 0.40 7.5 26.5 2.21 
176 0.30 7.5 26.7 1.67 
177 0.22 5.2 27.4 1.30 
178 0.37 4.5 27.7 2.22 
,___ _____ ,_ __ _ 
·---- --·-
--------
+------·· ~ ·---+------------------- -
AVG 0.37 4.2 29.6 2.57 
----
--4--------------------------- - _..,. ______________ ---
----- --
- - - . - -··------
Table I. Measured values of active layer doping 
level, active layer thickness, and p-contact 
diameter. 
LATTICE 
MISMATCH 
WAFER # (%) 
PHOTOLUMINESCENCE 
CENTER PEAK 
WAVELENGTH WAVELENGTH 
(nm) (nm) 
133 +0.02 1 347 1352 
1 34 -0.03 1 349 1 353 
135 -0.02 1 337 1 350 
1 37 +0.04 1 352 1 356 
-
1 52 0.00 1 386 1 378 
1 53 +0.05 1 362 1 370 
174 +0.06 1 344 1 350 
175 -0.03 1 340 1 350 
1 76 +0.·03 1 344 1 355 
1 77 +0.05 1 347 1 334 
DATA 
SPECTRAL 
WIDTH 
(nm) 
1 2 1 
1 1 3 
98 
124 
120 
120 
87 
1 1 9 
1 29 
137 
108 1 78 -0.04 1 334 ·1 355 
----------------6---------~------····---------------
A VG +0.01 1352 1357 106 
--- --·-·--· --·-·····------ ·-·---·------- ---······----·-·-····---··------..___ __ . ___ . ·---- -·-·------~ ··----·-- --------·-·-···. 
Table II. Photoluminescence (PL) and x-ray diffraction 
data. · 
WAFER 
133 
134 
135 
137 
152 
153 
155 
174 
AVG 
SPECTRAL WIDTH (nm) 
# 50mA 100mA 150mA 
126 152 1 68 
1 31 1 51 1 68 
122 144 176 
125 139 1 51 
136 162 178 
145 169 190 
132 153 172 
127 140 155 
.. 
130 1 51 170 
-. 
Table III. Average electroluminescence (EL) spectral 
width values obtained under nonpulsed 
conditions. 
250mA 
186 
197 
196 
1 71 
207 
222 
198 
186 
195 
------
.,:. 
U1 
CENTER WAVELENGTH ( n rr1) 
WAFER # 50mA 100mA 150mA 250mA
 
133 1 31 1 1308 1314 1337 
134 1312 1306 1309 1324 
135 1321 1310 1312 1327 
137 1333 1326 1327 1340 
152 1338 1332 1333 1358 
153 1307 1302 1306 1325 
155 1315 1309 1 31 1 1326 
174 1339 1339 1345 1366 
·---
----
+--------4------
-+-- ____ _.._,_ _
_
_
 --4 
AVG 1 322 1 31 7 1 320 1 338 
-
-
-
-
-
~-
--
__
__
,,__
 __
_
_
 -J...__ -·--
--
--
--
--
--
--
Table IV. Average EL center wavelength data un
der 
nonpulsed conditions. 
.i:. 
°' 
PEAK WAVELENGTH (nn1) 
WAFER # 50mA 
1 33 1 31 3 
1 34 1301 
135 1324 
137 1344 
152 1352 
153 1315 
155 1315 
1 74 1 348 
AVG 1327 
-------
. 
100mA 
1306 
1293 
1310 
1343 
1356 
1310 
1310 
1 346 
--·-------· 
1 322 
----- ... --·-'"" - ·--
-- -·· - -- --
150mA 
1313 
1292 
1302 
1344 
1359 
1312 
1312 
1 345 
--- - . -
1 323 
---- ·- -
Table V. Average EL peak wavelength data under 
nonpulsed conditions. 
250mA 
, 
1350 
1336 
1341 
1365 
1366 
1349 
1349 
1 367 
1 351 
--· - --· 
·-
WAFER # 
133 
134 
135 
137 
152 
153 
155 
174 
AVG 
SPECTRAL HALF-MAX VALUES (nrn) 
50 niA 100 mA 150 n.A 
LOW HIGH LOW HIGH LOW HIGH 
--
1248 1374 1232 1384 1229 1398 
1246 1377 1230 1381 1225 1392 
1260 1 38_2 1238 1382 1229 1394 
1270 1395 1257 1395 1251 1402 
1270 1405 1251 1413 1244 1422 
1234 1379 1217 1386 1 21 1 1401 
1249 1 381 1232 1385 1224 1397 
1275 1 402 1269 1408 1267 1423 
-
- . 
· 1257 1387 1 241 1392 1235 1404 
- - -··· 
Table VI. Average EL half-crossing val ties obtained 
under nonpulsed conditions. 
250 
LOW 
1244 
1225 
1229 
1254 
1254 
1214 
1227 
1273 
1240 
n1A 
HIGH 
1430 
1422 
1425 
1425 
1 461 
1436 
1425 
1459 
1435 
-
t. 
SPECTRAL WIDTH (nrn) 
WAFER # 25 n.A so· n,A 75 rnA 1 00 rnA 1 25 
n.A 
133 115 127 135 145 
152 
1 34 1 23 1 32 1 38 1 46 
1 52 
135 119 125 136 
145 
137 115 125 136 143 
149 
152 126 143 155 167 
173 
1 53 1 1 8 1 39 1 54 1 60 
1 65 
155 116 133 142 149
 155 
174 118 125 131 137 
143 
175 122 136 146 158 
165 
176 123 133 143 150 
156 
177 141 147 156 
164 
178 126 141 150 157 
163 
t--------+----·----+--
------+-----~----- ·------
--t--
A VG 121 133 142 150 
157 
1 50 rnA 
156 
155 
1 50 
156 
177 
174 
1 6 1 
150 
173 
1 62 
1 70 
1 7 1 
--- -------- ---
--- -
163 
-----
--·-·---
--------
~----·"'------·--
-·--- ----··-·-----
-----··--
-- .. _ --
-----
-·------
-------~-
---------
Table VII. Average EL spectral width values
 under 
pulsed conditions. 
/ 
WAFER 
133 
134 
135 
137 
~ 
152 
153 
155 
~ 
\0 174 
175 
176 
1 -7 7 
178 
---·· .. 
- . 
.... . . 
/\VG 
CENTER WAVELENGTH (nrri) 
# 25 n,A 50 n,A 75 rnA 100 t.iA 125 
rnA 
1317 1307 1303 1301 1300 
1318 1304 1 298 1296 1294 
1318 1305 1300 1298 
·-
1333 1323 1320 1319 1316 
1344 1 331 1327 1 321 1318 
1317 1304 1298 1293 1291 
1325 1 31 4 1309 1306 1304 
1336 1333 1332 1329 1327 
1332 1325 1320 1317 1315 
1330 1319 1315 1 31 1 1310 
1323 1318 1314 1313 
1 ~3 1 6 1308 1305 1,302 ' 1302 
·- - . .. -· - ... 
. . . . -- . '. .. . 
-- --- .. ---- ...... _____ 
.. --· -- -- -·-· .. .. ·--- .. - . --- .... -··-··· ···-·- -· - -
. . . .... . . .. . .. . ·- .... -- - '··-· .. 
1 ., " 7 
,. ' "' , -1 ,7> I 7 1 ~ 1 2 1 7 n (") '· ) . 1~7 •07-
Table VIII. Average EL central wavelength data under 
pulsed conditions. 
1 50 n.A 
1299 
1295 
1296 
1315 
1 31 6 
1287 
1304 
1327 
1 31 5 
1310 
1 31 2 
1302 
··•----- --·-··· -- - - ··-· -· .... 
1 -~ () (> 
U1 
0 
WAFER # 
133 
134 
135 
137 
. 1 52 
153 
155 
174 
175 
176 
177 
178 
AVG 
PEAK WAVELENGTH (nm) 
-
25 n.A 50 rnA 75 rnA 100 n,A 1 25 rnA 
1327 1320 1323 1 31 7 1290 
1312 1286 1282 1282 1282 
1312 1309 1301 1300 
1348 1346 1321 1318 1292 
1347 1344 1346 1327 1296 
1346 1293 1290 1286 1284 
1 331 1 31 2 1310 1294 1293 
1343 1339 1.335 1334 1332 
1346 1345 1340 1337 1325 
1338 1327 1303 1300 1296 
1329 1320 1 3·1 2 1310 
1337 1323 1317 1310 1276 
1327 1317 1312 1309 1298 
Table IX. Average EL peak wavelength data under pulsed 
conditions. 
150 rnA 
1285 
1278 
1300 
1293 
1294 
1282 
1292 
1328 
1323 
1296 
1314 
1278 
1297 
U1 
..... 
WAFER # 
133 
134 
135 
137 
152 
153 
155 
174 
175 
176 
177 
178 
AVG 
SPECTRAL HALF-MAX VAt_UES (nm) 
25 mA 50 mA 75 mA 100 rnA 125 
LOW HIGH LOW HIGH LOW HIGH LOW HIGH LOW 
1259 1374 1243 1370 1235 1370 1228 1373 1224 
1256 1379 1238 1370 1229 1367 1223 1369 121 8 
1258 1377 1243 1368 1232 1368 1225 
1272 1394 1257 1389 1250 1390 1247 1390 1241 
1281 1407 1259 1403 1 249 1404 1237 1404 1231 
1257 1376 1234 1373 1220 1375 1213 1373 1209 
1267 1383 1247 1381 1238 1380 1231 1380 1226 
1277 1395 1273 1393 1266 1397 1260 1397 1 25~5 
1 271 1393 1257 1393 1 246 1393 1238 1395 1233 
1268 1391 1253 1385 1 243 1386 1236 1385 1232 
1252 1393 1244 1392 1236 1392 1 231 
1253 1379 1238 1.378 1230 1380 1223 1380 1220 
1266 1387 1 251 1384 1 241 1384 1234 1384 1229 
Table X. Average EL half-crossing values obtained 
under pulsed conditions. 
mA 150 mA 
HIGH LOW HIGH 
1375 1 221 13·7 7 
1370 1217 1372 
1370 1 221 1371 
1391 1237 139.3 
1404 1227 1404 
1373 1200 1373 
1381 1223 1384 
1399 1252 1402 
1397 1228 1401 
1388 1 229 1391 
1395 1227 1397 
1383 1 21 7 1387 
1386 1225 1388 
Ul 
N 
FWHM 
WAFER 
# 
133 
134 
135 
137 
152 
153 
155 
174 
175 
176 
177 
178 
I I 
SPECTRAL WIDTH MODEL ·· 
@150 mA (nm) = 222 - 1 .32(P-DIA um) - 54.3(THICK um) 
ACTIVE 
THICKNESS 
(um) 
0.41 
0.50 
0.35 
0.40 
0.31 
0.26 
0.43 
0.45 
0.40 
0.30 
0.22 
0.37 
P-CONTACT OBSERVED PREDICTED OBSERVED 
DIAMETER FWHM FWHM - PREDICTED 
(um) (nm) (nm) (nm) 
33.7 
32.7 
33.2 
31 .6 
29.5 
29.0 
29.8 
27. 1 
26.5 
26.7 
27.4 
27.7 
156 
155 
150 
156 
177 
174 
161 
150 
173 
1 62 
170 
1 71 
155 
152 
1 59 
158 
1 66 
170 
1 59 
1 62 
1 65 
170 
174 
1 65 
1 
3 
-9 
-2 
1 1 
4 
2 
-12 
8 
-8 
-4 
6 
Table XI. Values of spectral width at 150 mA pulsed 
current as predicted from the multiple 
regression model. 
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Figure 1. Band-gap and wavelength with respect to 
· composition and lattice parameter for the 
InGaAsP and AlGaAs alloy systems. 
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-Figure 2. Schematic representation of the LED epitaxial 
structure grown in this study. 
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Figure 5. Schematic representation of the basic types 
of electron-hole transitions in 
semiconductors: 1) interband, 2) impurity 
level, 3) intraband. 
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Figure 11. Spectral emission vs pulsed-drive current for 
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